We present the absolute photoionization cross section of doubly ionized silicon as a function of photon energy. These were obtained by merging a Si 2ϩ ion beam generated in an electron cyclotron resonance source with monochromatized synchrotron radiation from an undulator. The photoion yield measurements were carried out in the photon energy range between 95 eV and 170 eV, i.e., the region corresponding to the excitation followed by the ionization ͑threshold ϳ133.8 eV) of an inner-subshell 2p electron. Resonance structure due to 2p excitation in the 2p 6 3s3p 3 P metastable state was also observed with its contribution to the total cross section not exceeding 3%. Calculation of the 2p photoionization continuum cross section as a function of photon energy was carried out using the relativistic random-phase approximation ͑RRPA͒ and agreed very well with the corresponding measurements. The resonance structure in the 3s cross section below the 2p threshold was found to be in good agreement with the multiconfiguration atomic structure calculations of Sayyad et al. ͓J. Phys. B 28, 1715 ͑1995͔͒, while the corresponding RRPA-RMQDT ͑relativistic multi-channel quantumdefect theory͒ calculations proved less successful.
I. INTRODUCTION
Absolute data are much needed for the critical evaluation of the modern computational codes that predict fundamental atomic properties such as photoionization cross sections or discrete oscillator strengths. The recent emergence of large theoretical efforts represented in projects such as OPACITY, OPAL, or IRON ͓1͔ testifies to this need. Furthermore, photoionization data are important for the interpretation of laboratory and astrophysical plasma phenomena as they can provide detailed information on the inverse processes of radiative and dielectronic recombination, which are key processes in such plasmas ͓2͔.
Experiments on photoionization of ions face specific challenges associated with the need to match sufficiently dense ion beams with high-flux photon sources at short wavelengths ͓3͔. Data on resonance structures and inner-shell thresholds for a wide variety of ions have been obtained through the dual laser-plasma photoabsorption technique ͑DLP͒ which utilizes a laser-plasma ion source ͑see, e.g., the recent review by West ͓4͔͒. While the DLP technique is extremely versatile in its application, DLP spectra can sometimes exhibit distortions due to the plasma environment in which case certain assumptions must be made in order to compare the measured relative cross-section data with theoretical calculations ͓5͔. Furthermore, DLP experiments do not allow absolute cross sections to be determined. An alternative approach is to carry out photoion spectrometry on combined ion and undulator photon beams at a synchrotronradiation facility, the so-called merged beam technique. Such experiments provide excellent ion selectivity, do not suffer from the saturation effects present in photoabsorption, and most importantly, absolute cross sections can be determined. First pioneered in the 1980s ͓6͔, merged beam systems have recently been installed at several facilities including ASTRID ͑Aarhus͒, LURE ͑Orsay͒, Photon Factory ͑Tsukuba͒, and ALS ͑Berkeley͒.
The present paper describes absolute photoionization measurements on Si 2ϩ ions ͑magnesium isoelectronic sequence͒ carried out at the SuperACO storage ring at LURE, Orsay. Aluminum and silicon are amongst the most abundant cosmic elements and information on their spectra in both neutral and ionic forms is necessary for the determination of stellar abundances, opacities, electron densities, etc., ͓7͔. Our measurements were carried out in the photon energy ranges corresponding to the excitation or the ionization of a 2 p-subshell electron. 2p photoabsorption of singly and doubly ionized aluminum and silicon has been studied extensively using the DLP technique ͓8-12͔. These data have provided insight into the changing nature of the resonant part of the cross section along the sequence; many assignments were also given using multiconfiguration atomic structure calculations. Most recently West and co-workers have used the merged beam facility at Aarhus to provide the corresponding 2p photoexcitation/ionization cross-section data on an absolute scale for singly charged aluminum ions ͓13͔. These authors also provided relabeling of a small number of resonances on the basis of their multiconfiguration Hartree-Fock calculations.
The present paper reports corresponding data for the isoelectronic partner Si 2ϩ . This data is compared with the results of advanced photoionization cross-section theoretical calculations, namely, the relativistic random-phase approximation ͑RRPA͒ and the relativistic multichannel quantumdefect theory ͑RMQDT͒. Thus, an insight into the 2p photoionization behavior along the magnesium sequence is made possible. It has been shown recently that such a behavior may strongly depart from the increasingly hydrogenic behavior expected along an isoelectronic sequence ͓14͔.
II. EXPERIMENTAL DETAILS AND RESULTS
Detailed descriptions of the experimental setup and procedures used in our merged beam measurements can be found in Ref. ͓15͔ . In the present study, the silicon ions were produced, from silane, in an electron cyclotron resonance ͑ECR͒ ion source via plasma heating by a 10-GHz microwave power supply. The ions were extracted by a highvoltage bias ͑7 kV͒ and doubly charged Si 2ϩ ions were selected by means of a Wien filter. Typical currents of 30 nA of Si 2ϩ were available in the interaction volume. The kinetic energy of the selected ion beam was lowered ͑by about 3 kV͒ in order to reduce collisional processes with the residual background gas, and to increase the density of the ion beam, in the region of overlap with the synchrotron photon beam. The doubly charged ion beam was aligned with the incoming photon beam using an electrostatic quadrupole deflector. The sideways and directional alignments of the two beams, termed the beam overlap, were measured by scanning wires across the beams at three locations placed before, after, and midway along the 0.20-m-long interaction region. The photoionization products were separated and analyzed using a cylindrical electrostatic deflector and a multichannel plate array detector.
The photon beam was produced by the undulator on the SuperACO SU6 beam line which is equipped with a 1-m toroidal grating monochromator and provides flux levels, covering the 30-180-eV spectral range, of the order of 10 12 ͑photons/s͒/0.1% BP at the exit slit. The 3d 9 5p and 4d 9 6 p resonances in Kr and Xe, respectively, provided the photon energy calibration. All the photon energies quoted in the present study were corrected for the Doppler shift and carry an error of Ϯ0.1 eV. A chopper placed between the monochromator and the interaction region allowed for a sequential recording of the ion signal, with and without photons, thus allowing a correction for background collisional effects. The experimental photon energy resolution was determined by a compromise between ion count rate and the monochromator bandpass. In the region 110-130 eV ͑resonance region͒ this resolution was of the order of 0.3 eV, whereas above 135 eV ͑continuum region͒ a value of about 1 eV was used. Both the single-photoionization ͑to Si 3ϩ ) and double-ionization ͑to Si 4ϩ ) cross sections have been determined. Cross-section values were obtained by normalizing the count rates for all the data points to the count rates of the points at which absolute measurements were carried out. The absolute cross sections obtained were (6.45Ϯ0.85) Mb at 133.2 eV of photon energy and (4.34Ϯ1.2) Mb at 136.2 eV of photon energy in the single-and double-photoionization channels, respectively.
The following formula was used to convert the count rate S of triply or quadruply charged ions to cross section values :
In this formula, Q is the charge of the target ions; e the electron charge; v the velocity of the ions in m/s; I the current produced by the photons on the calibrated photodiode ͑in A͒; the efficiency of the photodiode at the photon energy h ͑in A/W͒; J the current of incident ions in the Faraday cup ͑in A͒; ⑀ the efficiency of the microchannel plates; T is the transmission of the two analyzers; and F is the form factor in m Ϫ1 . See Ref. ͓15͔ for details on how ⑀, T, and F are evaluated and further experimental details. All our cross section measurements are presented in Fig. 1 . The total photoionization cross section would be obtained by summing the single-and double-photoionization cross-section data curves.
A comparison of Fig. 1 with the photoabsorption data of Ref. ͓9͔ shows that the weak resonances measured around 95-eV photon energy are due to the single photoionization of Si 2ϩ ions in the metastable state 2p 6 3s3 p 3 P. The measured cross sections of Fig. 1 are thus apparent cross sections comprising the contributions from both ground-state and metastable Si 2ϩ atoms. For the purpose of quantifying the actual contribution of the metastable ions, we scanned the region around 95 eV with improved counting statistics, yielding cross sectional data with a large signal-to-noise ratio. This data is displayed in Fig. 2͑a͒ with the corresponding statistical error bars. We also used the optical oscillator strengths calculated in Ref. ͓9͔ to generate synthetic cross sections as a function of photon energy in Fig. 2͑b͒ . All the lines of the 2p 6 3s3 p 3 P→(2p 5 3s 2 3 p)
L transition array were included and given a Gaussian profile with a full width at half-maximum ͑FWHM͒ equal to 0.30 eV ͑i.e. roughly equal to the experimental photon energy resolution͒. The good agreement between the two profiles of Figs. 2͑a,b͒ justifies the use of the oscillator strengths calculated in Ref. ͓9͔ to estimate the metastable fraction in the present experiment. Thus, by comparing the measured intensity of suitable resonances with the corresponding oscillator strengths, the frac-tion of Si 2ϩ ions initially in the 2p 6 3s3 p 3 P metastable state can be estimated. Due to the smearing of the metastable resonances as a result of the selected photon energy resolution, we have broken down the metastable resonances into two distinct groups for which integrated intensities ͑after continuum subtraction͒ can be obtained accurately. The first one is centered around 96.0 eV and the second one extends roughly between 97.0 eV and 98.5 eV. The corresponding oscillator strength values are appropriately summed for both groups. By forming appropriate ratios between the measured intensities and the calculated ones, we obtained a metastable fraction x such that 2%рxр3%.
III. CALCULATIONS
Ab initio calculations of the photoionization of Si 2ϩ were performed using the RRPA methodology ͓16,17͔. The calculation included all single excitations from the 3s, 2p, 2s, and 1s subshells, i.e., the following 11 relativistic channels were considered: 3s→kp 3/2,1/2 ; 2p 3/2 →kd 5/2,3/2 , ks; 2p 1/2 →kd 3/2 , ks; 2s→kp 3/2,1/2 ; and 1s→kp 3/2,1/2 . where k refers to both discrete excitations (kϭn) and ionizing transitions (kϭ⑀). Correlation in the form of interchannel coupling among the 11 excitation channels is included in the RRPA methodology, along with the most consequential aspects of ground-state correlation ͓16,17͔. Thus, the RRPA calculations include significant, but not all, correlations of importance. In particular, two-electron excitations are omitted.
In addition, it is difficult and inefficient to use the RRPA directly to obtain the photoionization cross section in the vicinity of the Rydberg autoionizing states. Instead, RMQDT is employed ͓18͔, using RRPA to provide the input parameters for the RMQDT calculation.
IV. ANALYSIS AND COMPARISON WITH THEORY
A. Single-photoionization cross section between 110 eV and 135 eV "production of Si 3¿ ions…
We have summarized the relevant energy-level structure of the Si 2ϩ ion in Fig. 3 . The inner-shell levels are taken from Refs. ͓9,10͔. The metastable level 2p 6 3s3p 3 P is also shown. It is seen that the photon energy range ͑90-165 eV͒ of the present study always exceeds the 2p 6 doubleionization threshold. The 2p inner threshold was measured at 133.8͑1͒ eV in good accord with the values of 133.32 eV and 133.84 for 2p 2 P 3/2,1/2 obtained by Sayyad et al. ͓10͔. Higher-excited inner-shell levels based on electron configurations such as (2p 5 3s3 p)np or (2p 5 3s3d)ns,nd, although not observed in photoabsorption experiments ͓10͔, have been predicted to lie above the (2p 5 3s 2 ) 2 P 3/2,1/2 thresholds ͓19͔. These levels are only accessible from the ground state via processes involving the simultaneous excitation of more than one electron upon the absorption of a single photon. Other levels belonging to configurations of the type (2p 5 3s3 p)nd (nу4) are also expected to lie above the 2 p limits and are directly accessible from the metastable 2 p 6 3s3 p 3 P state. The single-photoionization cross section between 110-eV and 135-eV photon energies are shown in the upper part of Fig. 4 with statistical error bars. We have not corrected these cross sections in view of the very small metastable fraction. The cross section values decreased rapidly at higher photon energies and no signal above noise levels could be detected above 135 eV. This spectrum is dominated by a strong pattern of discrete structures. These constitute the resonant part of the 3s partial cross section and are due to the excitation of a 2p electron into allowed core-excited levels. The contribution of the direct 3s ionization process is, as expected, very small as can be judged by the strength of the corresponding underlying continuum. Our RRPA calculations give an average value of around 0.2 Mb for the 3s cross section in the interval 110-135 eV while it has decreased to around 0.1 Mb at 150 eV ͑i.e., well above the 2p threshold͒. Thus, above 133.8 eV, 3s photoionization is negligible and 2p photoionization dominates the cross section ͑see the following section͒. This is consistent with the values of 2p ϭ5.9 Mb and 3s ϭ0.09 Mb in isoelectronic Mg measured at 80-eV photon energy ͑about 20 eV above 2p threshold͒ in Ref. ͓20͔ . However, we note that this is in sharp contrast with the corresponding cross-section behavior in Al ϩ near and above the 2 p threshold ͑at 91.71 eV͒ reported recently by West et al.
͓13͔.
These authors observed instead a sharp rise of 3s to values slightly above 1.0 Mb ͑see their Fig. 1͒ . Furthermore, it remained close to this value between 91.71-eV and 155-eV photon energies, with the 3s / 2p ratio remaining close to 1/3 throughout this range. At 100-eV photon energy, for example, a value of around 0.2 Mb is predicted for the Al ϩ 3s cross section by the OPACITY calculations ͓21͔. This body of theoretical and experimental evidence suggests that 3s measured by Ref. ͓13͔ above the Al ϩ 2p threshold appears too large by a factor of ϳ5.
The dominant features of Fig. 4 Table I , the 1 P resonance lies below the 3 D resonance, in contradistinction to Hund's rule.
As the data of Fig. 4͑a͒ show a negligible underlying continuum, we have used the optical oscillator strengths obtained in the MCHF calculations of Sayyad et al. ͓10͔ to simulate the cross section, which are presented in Fig. 4͑b͒ . The agreement between Figs. 4͑a͒ and 4͑b͒ appears very satisfactory with respect to the resonance energies, relative strengths, and absolute intensities. This indicates that radiative decay of the resonances is negligible and the photoabsorption cross section is closely represented by the singlephotoionization cross section in this photon range. The multiconfiguration expansion used in the calculations of Ref.
͓10͔ appears thus well suited to the description of 2p coreexcited levels in Si 2ϩ . We have also performed RRPA-RMQDT calculations of the 3s photoionization cross section that includes 2p 1/2,3/2 →ns,nd 3/2,5/2 resonances. The results of these calculations are presented in Fig. 4͑c͒ that shows the convolved cross section as a function of photon energy. We emphasize that the RRPA calculations do not include double excitations. Thus, the resonances in the region of 112.5 eV are not present in the RRPA result; these resonances are seen in Table I to be double excitations. Furthermore, in the 117-eV region, RRPA correctly predicts two prominent resonances. However, the relative intensities of these resonances are exactly opposite to our experimental results and the theoretical MCHF results. This too is a consequence of the omission of double excitations in the RRPA calculation. As seen in Table  I , the 1 P multiplet of the (2p 5 3s 2 3d) configuration lies below 3 D, in opposition to Hund's rule, because of the mixing with doubly excited configurations. Thus, the largest intensity, which goes, of course, to the LS allowed 1 P multiplet, appears at the lower energy. The RRPA result, which does not include this mixing, finds the 1 P multiplet higher in energy than 3 D, and ͑incorrectly͒ predicts the large intensity in the higher-energy member of the pair. For the higher (2p 5 3s 2 nd) excitations, the mixing is much less important ͓19͔. Here then, RRPA results should be good, and the com- The number in brackets is the n* value obtained using the photoabsorption data. c Error 0.1 eV. d parison in Fig. 4 shows that indeed to be the case; the agreement between RRPA theory and experiment is reasonable for the 4d excitations, and nearly perfect for 5d. This implies that mixing with the double excitations still has some effect for the 4d excitations.
We have not attempted to systematically extract the discrete oscillator strengths from the absolute cross-section data as many of the resonance wings are smeared. Only the two groups of the 4d ͑lines 9 and 10͒ and 5d ͑lines 11 and 12͒ resonances appear sufficiently well isolated for any integrated intensity measurement to be reasonably accurate. We obtain values for the summed oscillator strengths of 0.31 Ϯ0.04 (4d lines͒ and 0.15Ϯ0.02 (5d lines͒, uncorrected for the metastable contribution; these should be compared with calculated values of 0.286 ͑i.e., 0.136ϩ0.15) and 0.126 (0.041ϩ0.032ϩ0.053), respectively, ͓10͔. Again, the agreement between the two sets of numbers is very satisfactory and confirms our previous conclusions regarding the reliability of the calculations.
Finally, we propose that the small and rapidly diminishing signal contributing to the single-photoionization cross section between 133.8 eV ͑i.e., above 2p threshold͒ and ϳ135 eV is due to the allowed autoionizing decay of the multiply excited configurations discussed at the beginning of this section. The unpublished calculations by Sayyad appear to support this assignment ͓19͔.
B. Double-photoionization cross section between 115 eV and
165 eV "production of Si 4¿ ions…
The measured double-photoionization cross section are presented with statistical error bars in Fig. 5͑a͒ as a function of photon energy in the range 115-165 eV. A number of atomic processes can contribute to the production of Si 4ϩ ions in this range ͑see Fig. 3͒ . However, only one continuum process strongly dominates the cross section above 133.5 eV: photoionization of a 2p electron followed by the Auger decay of the 2p hole. A strong autoionizing resonance with characteristic asymmetric Fano profile is superimposed at 158-eV photon energy. This corresponds to the excitation of a 2s-subshell electron ͑see below͒. A small window-type resonance is also present around 142 eV. Similar window resonances were also observed in Al ϩ ͓13͔. These had been observed previously and assigned to autoionizing levels of the 2p 5 3s3p4p configuration in Ref. ͓10͔, and we follow this assignment here. In Fig. 5͑b͒ , we present the results of our RRPA calculations of the Si 2ϩ 2p partial photoionization cross section. The experimental thresholds of Ref. ͓10͔ are used in this calculation which also includes the 2s 1/2 →np 1/2,3/2 resonances. For the sake of comparing the various theoretical approaches, we have also included the corresponding Dirac-Slater results embodied in the analytical fit of Verner et al. ͓22͔ . Calculated 2p threshold energies are used in the latter and the continuum part only is included.
It is clear from the comparison that the RRPA results mirror the experiment in the 130-170-eV region quite well, both qualitatively and quantitatively. For the continuous ͑non-resonant͒ portion of the cross section, the RRPA result agrees with experiment to within the experimental error bars. In addition, the 2s→3 p 1/2,3/2 ͑unresolvable͒ resonances appear just below 160 eV, but the theoretical position is slightly higher than the experimental. Note that the theoretical RRPA result has not been convolved with the experimental resolution, which is the reason that the theoretical resonance structure is so much higher and sharper than the experimental. Note also that the window resonance in the 142-eV region is not predicted by RRPA since it results from a two-electron excitation. We could not detect any definite signals in the double-ionization channel at the photon energies corresponding to the intense resonances observed in the singleionization channel. This suggests that the contribution of the direct double-ionization process ͑threshold at 78.6 eV͒ is extremely small and not measurable in our experimental conditions. Similarly to Ref. enhancements in the double-ionization channel just below the 2p threshold.
V. CONCLUSIONS
We have presented the absolute photoionization cross sections of doubly ionized silicon in the ground state as a function of photon energy in the region of the 2p threshold ͑95 eV-170 eV͒. These were obtained using the merged beam experimental technique. Both the single-and double photoionization cross sections were measured. The cross sectional values contained a small contribution from metastable Si 2ϩ that did not exceed 3%.
The relativistic random-phase approximation ͑RRPA͒ was used to calculate the 2p photoionization continuum cross sections and agreed very well with the corresponding measurements. An intense resonance structure was found to dominate the cross sections below the 2p threshold. This structure was well reproduced by synthetic cross sections generated from optical oscillator strengths obtained in an ab initio multiconfigurational atomic structure calculation and convolved with a Gaussian function to simulate the experimental resolution. On the other hand, RRPA-RMQDT calculations were less successful in reproducing this resonance structure and in particular, were unable to account for double excitations as such processes are not included in RRPA. From the experimental data presented, and the comparison with theory, it is clear that satellite transitions play an important role in the photoionization of Si 2ϩ . To treat this situation accurately requires going beyond current theoretical methodologies. In our judgment, the most promising one which could include multiconfiguration, multichannel, relativistic, inner-shell, and satellite transition effects is the multiconfiguration relativistic random-phase approximation ͓23͔. This technique has been applied to double excitations from the valence shell. Work on an extension to include inner-shell excitations, such as those exhibited in the photoionization of Si 2ϩ , is a significant effort and is in progress.
To conclude, we point out that measurements of the type presented in this paper are now being actively developed at synchrotron radiation facilities world wide, allowing very accurate photoionization cross sections in multiply charged ions to be fairly routinely obtained, over a wide photon energy range, at very high resolution. The measurements are now of high enough quality to reliably challenge existing theoretical methodologies. The ongoing interplay between advanced experiments and theoretical developments will benefit the understanding of the interaction of ionizing photons with multiply charged ions and the modeling of laboratory and astrophysical plasmas.
